Abstract We report on the analyses of genes encoding immunoglobulin heavy and light chains in the rabbit 6.51× whole genome assembly. This OryCun2.0 assembly confirms previous mapping of the duplicated IGK1 and IGK2 loci to chromosome 2 and the IGL lambda light chain locus to chromosome 21. The most frequently rearranged and expressed IGHV1 that is closest to IG DH and IGHJ genes encodes rabbit VHa allotypes. The partially inbred Thorbecke strain rabbit used for whole-genome sequencing was homozygous at the IGK but heterozygous with the IGHV1a1 allele in one of 79 IGHV-containing unplaced scaffolds and IGHV1a2, IGHM, IGHG, and IGHE sequences in another. Some IGKV, IGLV, and IGHA genes are also in other unplaced scaffolds. By fluorescence in situ hybridization, we assigned the previously unmapped IGH locus to the q-telomeric region of rabbit chromosome 20. An approximately 3-Mb segment of human chromosome 14 including IGH genes predicted to map to this telomeric region based on synteny analysis could not be located on assembled chromosome 20. Unplaced scaffold chrUn0053 contains some of the genes that comparative mapping predicts to be missing. We identified discrepancies between previous targeted studies and the OryCun2.0 assembly and some new BAC clones with IGH sequences that can guide other studies to further sequence and improve the OryCun2.0 assembly. Complete knowledge of gene sequences encoding variable regions of rabbit heavy, kappa, and lambda chains will lead to better understanding of how and why rabbits produce antibodies of high specificity and affinity through gene conversion and somatic hypermutation.
Introduction
The whole genome sequence of DNA from a single female rabbit of the partially inbred Thorbecke rabbit strain was first made public on 20 October 2009 (OryCun2.0; accession AAGW02000000). The annotated assembly with 6.51× coverage is now available at the National Center for Biotechnology Information (NCBI), University of California Santa Cruz (UCSC), and Ensembl. The rabbit chosen by the Broad Institute for sequencing was obtained from Covance in 2004 and was shown to have low heterozygosity rate compared to non-inbred New Zealand White (NZW) rabbits from the same source (Lindblad-Toh et al. 2011; Hubisz et al. 2011) . DNA of the same animal was used both for the ∼7× coverage sequencing project analyzed here and for a previous low-coverage ∼2× sequencing project (accession AAGW01000000). The assembly has 2.24 Gbp in 21 autosomes and X chromosome and 489 Mbp in 3,219 unplaced scaffolds including mitochondria. The methods for obtaining the OryCun2.0 whole Genome Sequence were similar to those described in 2005 for the dog (Lindblad-Toh et al. 2005) except that BACs used for anchoring were not from the same Thorbecke strain rabbit. Although the level of coverage indicated for the complete set of sequence traces is 7.48×, only reads of quality Q20 or higher are included in the assembly. Unfortunately, in January 2005, all rabbits of this strain were lost in a fire at the facility of Covance Research Products, Inc. where they were housed. To improve annotations, RNASeq data were recently obtained from NZW rabbits.
The work presented here aims to identify and improve annotation of regions of the OryCun2.0 assembly containing genes encoding rabbit immunoglobulin (Ig) heavy and light chains (reviewed in Mage et al. 2006) . We evaluated the assembly of each immunoglobulin gene locus by comparing with previously reported data from targeted analyses. Complete knowledge of the gene sequences encoding variable regions of rabbit heavy chains (IGHV), kappa light chains (IGKV), and lambda light chains (IGLV); their map locations is important for understanding the steps of gene conversion Allegrucci et al. 1990 ) and somatic hypermutation that lead to the maturation and clonal expansion of B-cells producing highly specific antibodies of high affinity that are a hallmark of rabbits' immune responses (Sehgal et al. 1998 (Sehgal et al. , 2000 Schiaffella et al. 1999) .
The IGH locus is not detected in any of the OryCun2.0 assembled chromosomes and, to date, the rabbit IGH locus has not been mapped completely. It has been shown that fluorescence in situ hybridization analyses (FISH) with BAC clones containing known genes and whole-chromosome probes can be used to compare human and rabbit gene maps and to construct the cytogenetic rabbit map (Korstanje et al. 1999; Hayes et al. 2002; Chantry-Darmon et al. 2003 , 2005a . Based on FISH analyses, we report the localization of the unmapped IGH locus to rabbit chromosome 20. In addition, for several genes that have not been detected in the sequence assembly OryCun2.0, but which, based on synteny comparisons, are predicted to belong to the region of rabbit chromosome 20 around the IGH locus, we identified sequences either among the unplaced scaffolds or the whole-genome shotgun (WGS) traces aided by alignment of representative transcripts from rabbit RNAseq data.
We report allotyping data to clarify some of the expected immunoglobulin sequence content of the OryCun2.0 rabbit sequence assembly, the chromosomal location of IGH by FISH, sequence data for genes present in OryCun2.0 expected to be adjacent to IGH, and a series of evaluations of the sequences in OryCun2.0 for the heavy (IGH), kappa (IGK), and lambda (IGL) loci, in that order. We identify unplaced scaffolds (chrUn's) containing IGH, IGK, or IGL segments that should eventually be placed on chromosomes. In some specific examples, we compare the order or content of IGH, IGK, and IGL sequences to data from previously sequenced and mapped rabbit genes.
Methods

Serum testing for allotypes
In 1995, sera of 11 Thorbecke inbred rabbits that Dr. GJ Thorbecke had sent to Dr. TJ Kindt, NIAID, NIH were obtained from Dr. Kindt and typed. Typing methods were as described by Roux and Mage (1996) . IGKC1-encoded allotypes b4, b5, b6, b9, and IGHV1-encoded allotypes al, a2, and a3 were typed by standard gel diffusion methods; allotypes encoded by IGKC2 bas1, IGHG hinge region d11 and d12 and the IGHG CH2 regions e14 and e15 were typed by hemagglutination inhibition.
Bioinformatic analyses
We used Basic Local Alignment Search Tool (BLAST; Altschul et al. 1997 ) and BLAST-like alignment tool (BLAT; Kent 2002) for identification and analyses of available rabbit immunoglobulin gene sequences, and examined maps and annotations in the OryCun2.0 sequence assembly at the websites of NCBI (http://www.ncbi.nlm.nih.gov/genome? term=oryctolagus%20cuniculus), UCSC (http://genome. ucsc.edu/cgi-bin/hgGateway?org=Rabbit&db=oryCun2), and Ensembl (http://ensembl.org/Oryctolagus_cuniculus/ Info/Index). We also used the command-line version of BLAST, including the BLASTN, TBLASTN (Gertz et al. 2006) , and MegaBLAST (Zhang et al. 2000) modules. We used International ImMunoGeneTics Information System (IMGT)/V-Quest (Brochet et al. 2008 ) to identify V-regions within several rearranged heavy chain sequences. MacVector versions 11.2 and 12.6 were used for some sequence comparisons and annotations. One set of alignments was performed using Splign (Kapustin et al. 2008) .
As direct alignment of human transcripts to the sequences of the OryCun2.0 assembly did not identify some of the orthologous genes in the region of the assembled rabbit chromosome 20 adjacent to the IGH locus, we adopted a two-stage approach, using assembly of the rabbit RNASeq data, kindly provided by Dr. Jessica Alföldi (Broad Institute), as a stepping stone. The RNASeq data were obtained from 10 different tissues/cell types of a non-inbred NZW rabbit plus testes and pooled ovaries from other NZW rabbits. The genes on human chromosome 14 between coordinate 100 Mbp and the q-telomere in NCBI build 37.3 were obtained using NCBI MapViewer (Sayers et al. 2012) . The list was filtered to retain only those genes that had a protein product in RefSeq ) and a "PROVISIONAL", "REVIEWED" or "VALIDATED" RefSeq status. The gene RD3L, a recent addition to RefSeq, was added to the list. To search for RNA that corresponds to genes syntenic to the telomeric region of rabbit chromosome 20q, we aligned 67 genes encoding 128 proteins to rabbit RNASeq transcripts from 10 tissue types using TBLASTN. For each of the 66 genes with an alignment of at least one protein product to one RNASeq transcript with and E value 7×10
−13 or less, we took the highest scoring match from the database of RNASeq sequences as the representative transcript for that gene and aligned the transcript to the OryCun2.0 rabbit genome assembly using Splign. Whenever Splign produced two alignments in the same region, we chose the alignment with the best coverage (defined as the percentage of the query transcript that is aligned to an exon with at least 95 % sequence identity). In addition, alignments to the sequence assembly OryCun2.0 and the rabbit WGS traces in the NCBI Trace Archive (Sayers et al. 2012) were performed using MegaBLAST to position transcripts that had not been placed by Splign.
To search for BACs derived from the IGH, IGK, or IGL regions among the BAC clones in the BAC Library of the Children's Hospital Oakland Research Institute (CHORI) LBNL-1: White Rabbit (Oryctolagus cuniculus) http:// bacpac.chori.org/library.php?id=159; (Ros et al. 2004 (Ros et al. , 2005 , we used MegaBLAST to search traces created by the Broad Institute by partial sequencing of BACs from the CHORI library. The Broad Institute deposited these O. cuniculus traces from the CHORI library in NCBI's Trace Archive with the "center_project" attribute set to G1348. The methods we used to search for BACs with MegaBLAST are described in more detail as part of the Electronic supplementary material (ESM) resource in which the BACs are listed.
Cytogenetic and FISH on RBP-banded chromosomes Ros et al. (2004) described the preparation of a BAC library and reported the sequence of a BAC (Genbank AY386696) that encompasses genes encoding IgM, IgG, IgE, and four IgA isotypes (Fig. 1) . Dr. Josef Platzer, Roche Diagnostics, Penzberg, Germany generously provided a stab culture containing this BAC clone 27 N5 (AY386696). The BAC DNA was purified and labeled to carry out FISH on rabbit metaphase spreads as described (Hayes et al. 2002) . To obtain prometaphase and early metaphase R-banded chromosome spreads, rabbit fibroblast cell cultures were synchronized with an excess of thymidine and treated with 5-bromodeoxyuridine (BrdU) during the second half of S phase (Hayes et al. 1991) . RBP bands (R for R-banding, B for BrdU incorporation, and P for propidium iodide) were revealed according to Lemieux et al. (1992) . Chromosomes are numbered according to the standardized reference rabbit karyotype (Hayes et al. 2002) .
Results
Immunoglobulin allotypes in the donor strain
Results of typing sera from 11 Thorbecke inbred rabbits obtained about 10 years before the OryCun donor rabbit was selected for sequencing support the allotype sequences found in the OryCun2.0 assembly (Table 1) . Table 1a shows the serum typing results for IGHV1-and IGHG-encoded allotypes. Two rabbits were homozygous for VH1a1, d11, e15 (probably haplotype C) and four for VH1a2, d12, e15 (probably haplotype E, F, or M) (Mage et al. 2006) . Even though the animals had been inbred to accept allografts, five rabbits Fig. 1 Diagram of part of the rabbit IGHVand IGHC region described by Ros et al. (2004) adapted to annotate positions in OryCun 2.0. The donor rabbit was homozygous for the VH1a2 allotype. Arrows point to the VH1a2-encoding gene in overlapping clones 225P18 (AY386697) and 219D23 (AY386695) and the locations of IGHM, IGHG, and IGHE on OryCun2.0 unplaced scaffold chrUn0439 (NW_003159763.1). Partial matches are found in unplaced scaffold chrUn1855 (NW_003161178.1) with Cα13, hs1, hs2, and hs4. Note that BAC 38A2 (AY386694) with 16 VH genes does not overlap 225P18. Reprinted from Ros et al. (2004) in modified form with permission from Elsevier were heterozygous for the IGHV1a alleles IGHV1al and IGHV1a2, and for IGHG hinge region alleles IGHG d11 and d12. The alleles d11 ATG Met and d12 ACG Thr distinguish the two haplotypes VH1a1, d11, e15 and VH1a2, d12, e15 that were present in the strain in 1995. Although the same Thorbecke strain of rabbit used for the OryCun2.0 assembly had undergone 9 years more of inbreeding, it was still heterozygous at the IGH locus with two IGHV1a alleles IGHV1al and IGHV1a2 (detailed below). Table 1b shows the typing results for IGKC1-and IGKC2-encoded allotypes in sera from the same 11 rabbits. Two of these 11 animals were heterozygous for the IGKC1 b4 and IGKC1 b5 types and none had the IGKC2 bas1 type. Although the b4 and b5 allotype-encoding alleles at the IGKC1 locus were not fixed in the strain in 1995, it appears that the rabbit used for the OryCun2.0 assembly was homozygous for IGKC1 type b5. We identified the IGKC1 gene sequence encoding the b5 allotype and the IGKC2 encoding bas2 on chromosome 2 of the OryCun2.0 assembly (detailed below).
Placement of IGH on an unassembled region of chromosome 20 by FISH
The IGH locus could not be detected on any of the OryCun2.0 assembled chromosomes. Based on synteny data of genes conserved in man, mouse, rat, and dog obtained by accessing Homologene and MapViewer links via NCBI's Entrez Gene database (Maglott et al. 2011) , the rabbit IGH region was predicted to be localized at the telomeric region of rabbit chromosome 20. FISH analyses were performed (Fig. 2 ) using rabbit BAC 27 N5 (AY386696; see Fig. 1 ) to map the rabbit IGH locus. Figure 2 shows a rabbit metaphase spread with Rbanded chromosomes stained in red by propidium iodide and yellow-green fluorescent hybridization signals on the telomeric regions of both chromosome 20 homologues, as predicted. Figure 2c shows a diagrammatic representation (Ideogram) of the R bands on rabbit chromosome 20.
Identification of parts of the IGH locus in unplaced scaffolds and BACs
We evaluated whether any of the difficulties in assembling the rabbit IGH locus extended to a larger contiguous segment of chromosome 20, further from the telomere. In human, mouse, rat, and dog, CKB (creatine kinase, brain), which has been mapped to rabbit chromosome 20 (Rogel-Gaillard et al. 2009 ), and IGH are localized near the same chromosome telomere. Rabbit unplaced scaffold chrUn0053 (NW_3159377.1) contains the gene CKB. It was not possible to join chrUn0053 to the assembled rabbit chromosome 20 or to extend chrUn0053 further to include the IGH locus. The most telomeric human gene that could be placed on chrUn0053 is ASPG. A number of genes that lie between ASPG and IGH on human chromosome 14 could not be placed anywhere in the OryCun2.0 assembly (Table 2 and ESM Table S1 ), despite the presence of identifiable ortholog transcripts in rabbit RNASeq data. Well-characterized genes such as SIVA1 and AKT1 are missing, as is TMEM121, the non-IGH human protein coding gene nearest to IGH. For several of these unplaced genes, it was possible to align representative transcripts from the rabbit RNASeq data to the OryCun2.0 WGS traces with high percent identities. Additional sequencing of BACS is needed to anchor the IGH locus to the current rabbit genome assembly. BACs with IGHV genes in the libraries described by Ros et al. (2004) , Rogel-Gaillard et al. (2001) , and in the CHORI LBNL-1 described below could contribute to this effort.
We tried to identify parts of the IGH locus in OryCun2.0, including unplaced scaffolds. Rabbit IGHV, IG DH, IGHJ, IGHM, IGHG, IGHE, and IGHA genes encode immunoglobulin heavy chains (reviewed in Mage et al. 2006) . Rabbits have typical IgM, no IgD, and only one isotype each of IgG and IgE, but 13 different IgA isotypes (Burnett et al. 1989; Volgina et al. 2005) 
A number shows the presence of the allotype; a dash indicates absence of the allotype
Variable (IGHV), diversity (DH), and joining (JH) region genes
The allelic IGHV1a genes IGHV1a1, IGHV1a2, or IGHV1a3 that are closest to the DH and JH gene clusters are the most frequently rearranged and expressed . The donor rabbit appears to have been heterozygous for the IGHV1a1 and IGHV1a2 allotypes, consistent with the serum typing of some members of the donor strain (Table 1a) . The unplaced scaffold chrUn0742 (NW_003160066.1) has an exact match to a published sequence encompassing IGHV1a1 (M93171.1), but the match is surrounded by other VH genes, rather than occurring in the expected location nearest to DH and JH gene clusters (Becker et al. 1989; Becker and Knight 1990; Ros et al. 2004) . Scaffold chrUn0439 has a sequence that is 99 % identical to the previously reported promoter region of VH1a2 (U26530.1; Tunyaplin and Knight 1995) and an exact match to the published sequence encompassing VH1a2 (M93172.1). These are followed as expected by DH and JH gene clusters and by constant region genes extending as far as those encoding Cγ and Cε (Fig. 1) . Most other IGHV genes that do rearrange are collectively referred to as a-negative because their protein products do not react with the anti-VH1a allotype sera used to define the allelic IGHV1a gene products. Generally, 10-30 % of immunoglobulins with sequences reflecting their origin from rearranged anegative genes are found in normal rabbits. Some selected high-affinity antibodies recovered by phage display have been found to have rearranged expressed a-negative genes (Mage, unpublished data) . None of the 16 VH in unmapped BAC AY386694 (Fig. 1) have sequences for x, y, or z genes (Ros et al. 2004 ) so the genomic context of these genes remains unknown. They are thought to have been conserved for response to particular pathogens. By sequence analysis, we found 79 unplaced scaffolds containing as few as one and as many as 65 IGHV genes (ESM Table S2 ). Scaffold chrUn0439 contains IGVH1a2 and a 322 bp fragment of the IGVH2a2 gene (M93175.1) that extends from position 177140-177730, 5 bps short of the end of the scaffold, leaving no room for other IGHV genes. VH3a2 and VH4a2 are found on chrUn0493 (NW_003159817.1). BLAST searches with a y33 sequence (M77083.1 positions 274-560) yielded four hits with 96-99 % identity on chrUn0195, two matches on chrUn0789 (NW_003160113.1) and single hits with 96-99 % identity on 11 other unplaced scaffolds; ×32 sequence L03900.1 also was located on chrUn0195 as well as two other chrUn (2408 and 0740), and a z sequence was on yet another scaffold (chrUn1072). ChrUn0439, the scaffold on which VH1a2 is located, and chrUn0499 both have sequences corresponding to the region of BAC 219D23 (AY386695) that contains genes encoding DH regions (Fig. 1) . The differences between JH gene sequences in previously known haplotypes are mixed in the assembly of the JH genes present in chrUn0439. However, chrUn0499 is misassembled. A 22.3-kb gap in the chrUn0499 assembly includes part of the region where DH genes would have been assembled. Moreover, at least 11 VH sequences found in chrUn0499 do not correspond to the order expected from previously ordered VH genes in cosmid or BAC clones from VHa1 or VHa2 haplotypes (Becker et al. 1989; Becker and Knight 1990; Ros et al. 2004 ). Table 3 summarizes comparisons of constant region exon sequences and positions of IGHM, IGHG, and IGHE in BAC 27 N5 (AY386696) with those in chrUn0439. Fig. 1 ; Ros et al. 2004) , sequenced from a strain of rabbit with a recombinant haplotype F-I (Mage et al. 1971; Newman et al. 1991) , aligns well to chrUn0439, but there are some differences as summarized in Table 3a . The most troubling of these differences introduces a premature stop codon, and, although it is likely to be a sequencing error, the trace archives contain three traces encoding Ser and four encoding the stop codon TCA.
Constant region (IGHC) genes
IGHG
IGHG exons encoding the CH1, hinge region, CH2 and CH3 are found between positions 22868 and 24231 on the reverse strand of ChrUn0439. However, the IGHG hinge region assembled in chrUn0439 encodes the d11 (ATG-Met) allotype predicted from the typing results to be associated with the VH1a1 haplotype and not the d12 (ACG-Thr) allotype associated with VH1a2 (Table 3b ). Of three traces found corresponding to the hinge region, codons for the ATG-Met were present in two and ACG-Thr was present in the third. A silent change, from ACA to ACG, in the codon for Ala formed by the splicing of the CH1 domain to the hinge region was also present in the sequences of all three traces (Table 3b) . ACG has been found in more than 40 sequenced hinge regions from domestic breeds and other leporid species (Esteves et al. 2006) but ACA is found in rabbits of the F-I haplotype [BAC 27 N5 (AY386696) and the cDNA sequence K00752.1 of Bernstein et al. (1983) ].
IGHE
The sequence in chrUn0439 that contains the four exons encoding rabbit IgE is 99 % similar to that of BAC clone 27 N5 (AY386696). Table 3c shows the three silent and one replacement change found in exons 1 and 4. These differences are all supported by sequences in the trace archives.
IGHA, negative regulatory elements, and the 3′ enhancer region of the IGH locus
As shown in Fig. 1 , Ros et al. (2004) mapped the genes encoding Cα4, Cα5b, Cα1, and Cα2 within BAC clone 27 N5 (AY386696) as closest to the gene encoding Cε. They found the Cα13 gene, located at the 3′ end of the IGH locus, and the enhancer sequences (hs) for the locus within a Fosmid15B (AY386698; Kingzette et al. 1998) . Volgina et al. (2005) later described conserved 300 bp negative regulatory elements (NRE) associated with 8 of the 13 functional Cα. Although absent from chromosome 20, some IGHA constant regions and NRE sequences were found in unplaced scaffolds. ESM Table S4 summarizes locations of IGHA, NRE, and hs1, 2 sequences found in the BAC clone 27 N5 (AY386696), Fosmid15B (Fig. 1) ; and partial matches in unplaced scaffolds chrUn1855 (NW_003161178.1) with Cα13, NRE, and hs1, 2; chrUn2352 (NW_003161675.1) with Cα9; chrUn1490 (NW_003160813.1) with Cα11/Cα12; and chrUn2570 (NW_003161893.1) with Cα7 NRE.
An IGHV orphon on chromosome 7
According to the definition in IMGT (Lefranc and Lefranc 2001 ; http://www.imgt.org/IMGTindex/orphon.html), "orphons" are genes similar to immunoglobulin genes found outside the IGH, IGK, or IGL loci. A single IGHV orphon on chromosome 7 is nonfunctional, both because it has missing coding sequence near the 3′ end and because its location lacks DH, JH, and CH genes. Immunoglobulin light chain genes
IGK1 and IGK2 light chains
The IGK locus was predicted to be on rabbit chromosome 2, based on synteny with human chromosome 2 (Korstanje et al. 1999 ). The IGKC genes (Fig. 3a) are duplicated in the rabbit and the two adjacent regions are denoted IGKC1 and IGKC2 (reviewed in Mage et al. 2006) . The IGK2 locus is normally poorly expressed (McCartney-Francis et al. 1987) . The differential expression is partly due to the fact that (compared to IGK1) the intronic enhancer of IGK2 and surrounding matrixassociated region has undergone deletions Sperry et al. 1989 ). In OryCun2.0, the IGKC1 region is located at 98.92 Mb on the forward strand of chromosome 2. Part of the IGKV and IGKJ region associated with IGKC1 was sequenced by Ros et al. (2005;  Fig. 3b ). The IGKC2 region is also found on assembled chromosome 2, at 98.22 Mb, but in the opposite transcriptional orientation (negative strand). The ∼0.8 Mb span of the duplicated IGK genetic region on chromosome 2 shown may be less than the true size because of inaccurate estimates for gaps in the assembly. at position 56107 of exon 1 to the hinge region. The CA or CG are in the second and third codon positions b These codons define the d12 allotype of the BAC donor rabbits and d11 predicted from serum typing of Thorbecke rabbits to be heterozygous d11/d12 with both codons present c These codons define the e14 allotype of the BAC donor rabbits and e15 allotype predicted from serum typing to be encoded in Thorbecke rabbits (Table 1) d The sequence of BAC 27 N5 (AY386696) between 69248 and 70872 is 99 % identical to the reverse strand of chrUn0439 between 9172 and 10797 with seven differences (one a gap). Two silent changes are in exon 1 (69248-69594), and two changes one replacement and one silent are in exon 4 (70532-70872) of BAC 27 N5 (AY386696). Three additional differences, one a gap, are in introns Table 4 shows locations of IGKC1, IGKC2, IGKJ (Jk), enhancers, and the range over which identified IGKV (Vκ) genes are found on chromosome 2. ESM Tables S5A and B provide more detailed information about Vκ genes, pseudogenes, and gene fragments found on chromosome 2 and unplaced scaffolds. Despite the presence of the b4 constant region allotype in some rabbits of the donor strain 9 years earlier (Table 1b) , we found that the OryCun2.0 rabbit was homozygous at IGKC1 for the b5 allotype and the IGKC2 sequence corresponds to the bas2 allotype as inferred from the typing of sera (Table 1b) . ESM Table S5B lists 21 Vκ genes or pseudogenes present in three unplaced scaffolds.
In rabbits of b4, b5, and b6 types, there is an extra Cys at position 80 (IMGT position 96) that forms an interdomain disulfide bond with Cys 171 of the IGKC1 constant region. Such an interdomain bond in addition to the usual intradomain disulfide bond between Cys at positions 23 and 88 (IMGT position 104) cannot form with the IGKC2 constant region and is not found in orders other than Lagomorpha. Vκ lacking Cys 80 are found in rabbits of b9 allotype (McCartney-Francis et al. 1984; Popkov et al. 2003) but are rare in those of b5 type . It was of interest to know where there were Vκ genes with and without Cys at position 80 in OryCun2.0, since the donor rabbit was of the b5 allotype. The column headed Cys 80 in Table 4 shows whether the particular Vκ gene sequence or group of sequences contains a codon for Cys 80. Most of the IGKV identified and mapped between IGCK1 and IGCK2 include the Cys 80. However, 14 Vκ genes or pseudogenes that surround IGKC2 and associated IGKJ1, IGKJ2-4, and IGKJ3, encode either Ala or Pro at position 80 and only two encode Cys. The 3′ enhancer, IGKC2 and associated Jκ are in the opposite orientation from most of these Vκ. Most Vκ are also encoded on the reverse strand at higher genetic coordinates between the two IGKC. However, interspersed Vκ encoded on the forward strand are present. The last column in Table 4 shows intervals where gaps in the assembly of more than 200 bp are present in the region of interest on chromosome 2. Assignment of individual numbers to Vκ must be provisional because of these and additional gaps in the three chrUn containing Vκ gene sequences.
Lambda light chains Table 5 shows the positions of IGLC and IGLJ gene sequences found on chromosome 21 (NC_013689.1) and several unplaced scaffolds (chrUn). New information about IGL genes of rabbit, including four IGLJ and 43 IGLV genes was added to IMGT in 2012 (http://imgt.org/IMGTrepertoire/index.php? section=LocusGenes&repertoire=genetable&species= rabbit&group=IGLV). IMGT lists seven subgroups of IGLV genes in OryCun2.0 on chromosome 21. Positions shown for OryCun2.0 chromosome 21 by IMGT are numbered as found in genomic scaffold NW_003159316.1. Because chromosome 21 starts with an arbitrary offset of 3 Mb to allow for an unmapped telomeric segment, the chromosome 21 interval 3000001-4922929 corresponds to 1-1922929 on scaffold NW_003159316.1. As of 9 January 2013, 21 of the 43 IGLV are listed as pseudogenes, 20 as functional, and 2 as ORFs, potentially functional openreading frames. In addition to the initial 3 Mb gap, the scaffold containing the IGL genes consists of more than 100 contigs with gaps between them. Rabbit lambda constant region genes, IGLC5 paired with IGLJ5 and IGLC6 paired with IGLJ6 are known to be functional Jaton et al. 1990 ).
Discussion
Rabbit immunogenetics is of real-world importance. The rabbit is the best or the only animal model for syphilis, tularemia, tuberculosis, and other infectious and autoimmune diseases. Rabbits are significant commercial sources of highly specific high-affinity antibodies. Therefore, it is important to analyze the sequences that contribute to the rabbit antibody diversification process. Even if only a fraction of the immunoglobulin IMGT lists position numbers for the contig NW_003159316.1. These are 3 Mb lower than position numbers on chromosome 21 b Lower quality alignments to both of M12388.1 and M127621.1 IGLC1 and IGLC2 respectively, are also found on chrUn0351 (NW_003159675.1), chrUn0545 (NW_003159869.1) and chrUn0895 (NW_003160219) c Rabbit lambda constant region genes, IGLC5 paired with IGLJ5*01 and IGLC6 paired with IGLJ6*01 are known to be functional Jaton et al. 1990) d IMGT lists 21 IGLV as pseudogenes, two as potentially functional open reading frames, and 20 as functional sequences can be identified, these sequences can be added to the database underlying NCBI's IgBLAST (Ye et al. 2013 ) and hence be useful for studies of diversified rabbit antibodies. There is considerable pre-genome-sequencing literature about allelic variants and isotypes of rabbit immunoglobulins (Mage et al. 2006; Pinheiro et al. 2011) . In this study, we evaluated the status of the assembly, chromosomal assignments, and annotations of the immunoglobulin loci in OryCun2.0. To support our analysis, we report typing of sera from rabbits of the same strain as the rabbit used for sequencing; the sera were typed in 1995. By FISH, we definitively placed the IGH locus near the q-telomere of rabbit chromosome 20, as would be expected by synteny with human. The heavy-chain genes are not placed on any rabbit chromosome in OryCun2.0, though we report partially assembled pieces of the IGH locus found among the unplaced scaffolds. Immunoglobulin genes are difficult to assemble, particularly the variable regions comprising repeats of highly similar sequences. The constant region genes of the IGH locus, however, are less repetitive, more highly conserved between animals, and are predicted, by synteny, to be furthest from the telomere. One might hope to join the constant heavy-chain region to the assembled chromosome 20 or to a large unplaced scaffold that might be identified as part of chromosome 20. We therefore attempted to locate within OryCun2.0 the sequences of genes that by synteny should be near the same telomere of chromosome 20. Some genes could be located in the assembly on unplaced scaffolds, notably chrUn0053, but others, particularly those near the IGH locus are missing from the assembly (Table 2, ESM Table S1 ). Despite the absence of these genes in OryCun2.0, the genes were readily identified as present in RNASeq data from other rabbits.
We have therefore shown that the assembly of chromosome 20 in OryCun2.0 is incomplete. Inadequate coverage of chromosome 20 may be due to (a) idiosyncrasies of rabbit chromosome 20; (b) anomalies in the sequenced rabbit; or (c) a larger than expected lower tail in the coverage when the genome coverage by high-quality traces is 6.51×. Such a negative result objectively justifies additional sequencing efforts. To aid these efforts, this study collects sequences from within OryCun2.0 that should be compared when future rabbit genome sequences are generated.
We identify at least 372 IGHV genes found scattered on at least 79 unplaced scaffolds, most prominently ChrUn0195 (ESM Table S2 ). The total number of rabbit IGHV genes per haploid genome is uncertain because the sequenced rabbit was heterozygous at the IGH locus. These IGHV fragments may be useful in analyzing rabbit rearranged and diversified heavy chain sequences. Unfortunately, the IGHV genes cannot be mapped; our sequence analysis of scaffolds chrUn0195, 0493, 0499, 0742, each of which contains at least 11 IGHV genes, shows their partial assemblies are not consistent with previous targeted sequencing studies of the IGH locus.
The most complete portion of the IGH locus can be found in chrUn0439. It includes VH1 (VH1a2 allotype) and extends through the IGHG, IGHM, and IGHE genes ( Fig. 1 and Table 3 ). There is reason to suspect some mis-assembly in chrUn0439. To support our analysis of immunoglobulin genes, we report typing of sera from 11 Thorbecke rabbits in 1995. The IGHG hinge region assembled in chrUn0439 (NW_003159763.1) encodes the d11 (ATG-Met) predicted from the serum typing results in Table 1 to be associated with the VH1a1 haplotype and not VH1a2 (Mage et al. 2006) . A haplotype with VH1a2 and d11 had never been reported until a rare recombinant [R3K (F-C)] was generated during intensive laboratory breeding (Kelus and Steinberg 1991) .
The IGHA locus and associated NREs are partially represented in ChrUn1490, 1855, 2352, and 2570 (ESM Table S4 ), but various previously reported Cα genes (Volgina et al. 2005) are missing in OryCun2.0. Thus, there is still no complete map of rabbit IGHA. Ros et al. (2004) probed their BAC library (∼4× coverage) and the CHORI BAC library (∼7× coverage) and failed to detect a BAC containing the IGHA region. Our search also did not detect IGHA-containing BACs in the CHORI library.
Both copies of the duplicated IGK locus are found, as expected, on chromosome 2 of the OryCun2.0 assembly. We identified 94 Vκ on chromosome 2 (Table 4, ESM Table S5A ) and an additional 21 Vκ on three unplaced scaffolds (ESM Table S5B ). The 21 Vκ on unplaced scaffolds may belong in the assembled chromosome 2, represent parts of the unassembled haplotype of a heterozygous rabbit, or be orphons. Previous estimates of the total number of rabbit Vκ genes included more than 50 (Heidmann and Rougeon 1984; Lamoyi and Mage 1985) , 39-135 , and more than 100 (Ros et al. 2005) . Although 94 is comparable to previous estimates of the total number of Vκ regions, it may be an underestimate because there are gaps in the chromosome 2 assembly.
With the relative positions and map of Vκ regions present in OryCun2.0 tabulated in this study, potential sources of gene conversion donor sequences in clonally diversified B cells can now be located in more detail than when first attempted by Sehgal et al. (2000) . During human B-cell development, rearrangement of the distal Vκ to Jκ genes occurs by inversion and retains adjacent Vκ (Weichhold et al. 1990 ). The rabbit IGK locus is more complex because opposite transcriptional orientations of Vκ genes would result in most gene rearrangements occurring by inversion and retention of Vκ (Fig. 3a and Table 4 ). Identification of the rabbit Vκ makes more feasible analyses of the rearranged kappa IGKVJC gene sequences, similar to those for human kappa (Cox et al. 1994; Collins et al. 2008) .
Rabbit mAbs produced by phage display can best be obtained as chimeric chains with rabbit Vκ, and human Cκ but this leads to an unpaired Cys80 (Rader et al. 2000) . Popkov et al. (2003) showed that b9 and Basilea rabbits, strains known to have Vκ that lack Cys80, produced higher yields of selected chimeric rabbit-human Fab displayed on phage than NZW rabbits of b4 allotype. Most likely, assembly of expressed protein occurred more efficiently when the free thiol group from an unpaired Cys80 was not present. We carried out multiple alignments and annotated the residue at position 80 in the Vκ genes (Table 4 and ESM Table S5 ; Fig. 3a) . We found 14 Vκ genes that lack Cys80 surrounding the IGKC2 region.
The IGL loci are on chromosome 21 of OryCun2.0, as expected. We summarized information on IGL genes in Table 5. With sequences of IGLV genes available, it will be possible to analyze the lambda light chain sequences recovered by phage display from Basilea and b9 rabbits (Popkov et al. 2003) , better identify the sources of VL genes used for rearrangement, and evaluate whether gene conversion contributed to sequence diversification.
Concluding remarks
The Genome Reference Consortium (http://www.ncbi.nlm. nih.gov/projects/genome/assembly/grc/) recently announced:
"…plans to update the human reference assembly to GRCh38 in the summer of 2013. This revision is aimed at addressing issues found with the current model for representing genome assemblies, which uses a single, preferred tiling path to produce a single consensus representation of the genome. Subsequent analysis has shown that for most mammalian genomes a single tiling path is insufficient to represent a genome in regions with complex allelic diversity. The GRC is working to create assemblies that better represent this diversity and provide more robust substrates for genome analysis." NCBI has established mechanisms for including alternate assemblies and patches of specific loci. As of January 2013, there are some alternate locus assemblies, including for MHC on chromosome 6 and patches available for the human genomes in MapViewer, but no alternate assemblies for the immunoglobulin loci or any other loci on human chromosomes 2, 14, or 22. It will be useful if future builds of mammalian genomes also use the framework of patches in these immunoglobulin gene regions.
Rabbits of the Thorbecke OryCun2.0 strain were more susceptible to infection with several strains of Mycobacterium tuberculosis than outbred rabbits from the same supplier (Covance) (Dorman et al. 2004; Mendez et al. 2008) . These authors noted that in addition to likely immunological differences from outbred NZW, the physical appearance of the inbred rabbits suggested that they had developmental defects. Our analyses of the OryCun2.0 genome assembly and annotations reveal a need to improve the current assembly and annotations, not only to include allelic variation, but variation due to multiple copies of genes encoding antibody IGH and IGK variable regions, variable and constant regions of lambda light chains, and IGHA constant regions. Genome sequences of other rabbit strains are also needed.
